INTRODUCTION
Calcareous grasslands are of international conservation importance (Department of the Environment 1994; UK Biodiversity Group 1998), and recognized as species-rich plagio-climax communities, reliant upon appropriate grazing by wild or domesticated animals or cutting management (Smith 1980; Bacon 1990; Rodwell 1990; Schläpfer et al. 1998) . Without sympathetic management the current grassland would change through successional processes to deciduous scrub and ultimately mixed woodland. The UK Biodiversity Action Plan (Department of the Environment 1994), the UK's initiative to maintain and enhance biodiversity, identifies lowland calcareous grassland systems as among the most species rich and diverse habitats nationally.
Agriculture is the principal land-use on the South Downs, and the sympathetic management of this activity is considered to be of primary importance for the maintenance of biodiversity (Hutchings & Booth 1996; Sussex Downs Conservation Board 1996a; Muller et al. 1998; UK Biodiversity Group 1998) . Since the Second World War, the landscape of the South Downs has been transformed by agricultural activities. The trend has been from the livestock farming on unimproved grassland towards more profitable arable and high production grassland systems. Green (1990) records that between 1947 and 1981 large areas of permanent downland, heathland and woodland nationally were ploughed and consequently the area of unimproved and semi-improved grassland decreased by around 40%. Due to economic pressures, partly as a consequence of membership of the European Union, farming in southern England has moved progressively towards barley and wheat production (Green 1990 ). Significant tracts of downland have been ploughed and the availability of inorganic fertilizers has meant that in some areas even thin nutrient-poor soils have been brought into arable production. In many cases, the remaining grassland fragments have been modified and have lost much of their diverse assemblages of flora and fauna (Fisher & Stocklin 1997; Brandon 1998) . During this post-war boom, reductions in flock and herd sizes resulted in the abandonment by agriculture of some areas of steep lowland escarpments (Green 1990) . Historically, because of the difficulty of mechanized access to steep north-facing escapement slopes of the South Downs, these areas had remained uncultivated. Yet, this withdrawal of management, in association with the decline in rabbit grazing following the arrival of the Myxoma virus, is suggested by some workers to have led to the development of less floristically diverse grassland and scrub communities (Sussex Wildlife Trust 1993; Hopkins 1996) .
Under the current price support system operated within the Common Agricultural Policy (CAP), the intensification of farming continues to pose a serious threat to natural and semi-natural habitats (Blackwood & Tubbs 1970; Green 1990; Brandon 1998; Burnside et al. 1998a ). In the UK, organizations with responsibility for management and conservation such as the Department of Environment, Food and Rural Affairs (DEFRA) and the Sussex Downs Conservation Board (SDCB) are attempting to reconcile the conflicting interests of agriculture and nature conservation on the downland by offering guidance to farmers and encouraging 'environmentally sensitive' farming practices (Ministry Agriculture, Fisheries & Food 1997) . The ESA scheme in operation on the South Downs recommends that top-level protection (tier 1) be given to grassland sites present on the scarp and in the dry valleys (the protection and management of existing features), whilst tier 3 prescriptions (reversion of arable land) are applied to other areas of arable cultivation on the southern dip slope and inter-fluves and designed to encourage the reversion of arable land to chalk grassland or permanent pasture. Despite this designation and management prescription it appears that the semi-improved and unimproved grassland areas in the region remain under threat (Burnside et al. 1998b; Belden 2000; Burnside 2000) .
The objectives of the analysis undertaken were to establish the extent and effects of recent human intervention and management on unimproved grasslands on the South Downs, UK. The time period investigated encompassed the immediate aftermath of the agricultural intensification, which occurred in the 1960s and 1970s, and the initial implementation of subsequent planning and management policies aimed at protecting and enhancing the nationally and internationally important calcareous grassland resource. Thus, the study allowed the effects of market driven and policy driven changes on the landscape between 1971 and 1991 to be quantified. Within the study area distinct 'ecoregions' characterized by management, topography and habitat characteristics were identified and used in the analysis and description of the region. Although particular emphasis was placed upon the biologically important unimproved grassland systems, other land-use categories fundamental to the landscape mosaic were also considered. Landscape fragmentation and conversion between different land classes and uses are important characteristics of the landscape mosaic. The study aimed to quantify spatial and temporal patterns of fragmentation.
METHODS
Temporal land-use and habitat data were used to estimate transitional probabilities and evaluate land-use and habitat change within a rural and agricultural landscape. Such an approach can provide a clear description of the texture and dynamics of the landscapes. This type of modelling approach provides a means by which the different dynamics associated with management options can be evaluated. (Buse 1992; The main data source was aerial photographs completed and interpreted into the relevant land classes and ground truthed by West Sussex County Council (West Sussex County Council & English Nature 1996) . The aerial images were rasterized to produce a uniform and consistent coverage detailing 15 land-use classes on a 100-m grid basis over an area of 47 338 ha. A geographical information system (GIS) database was established containing land-use data, which made possible comparisons of land conversion on the South Downs among periods 1971, 1981 and 1991. The original classification was aggregated for the purpose of this study into seven classes, namely arable (arable and improved grassland), developed (urban areas and farmsteads), plantation (woodland plantation areas), grassland (unimproved grassland, c. 75% of which is calcareous grassland), scrub (scrub habitats), wooded (deciduous and coniferous woodland) and 'other' (orchards, surface-water, marshes, quarries and heathland) ( Table 2 ). This reclassification was undertaken to reflect the major patterns of land-use change.
The South Downs landscape may be divided into various 'ecoregions'. Bailey (1983) defined ecoregions as large geographical regions that include multiple ecosystems, which are often similar in ecological function. Analysis of the landscape on an ecoregion basis made possible the identification of differences in the sequences of conversion for land-use classes (Table 3) within distinct landscape areas.
The Sussex Downs Conservation Board (1996b) recognize 15 ecoregions or landscape character areas within the South Downs Area of Outstanding Natural Beauty, 10 of which are specific to the chalk downland. The South Downs Table 1 The ESA scheme and the tiered structure on the South Downs (Ministry of Agriculture, Fisheries and Food 1997).
Tier
Scheme Tier 1 Chalk grassland that has not been ploughed or reseeded in the past five years is suitable. The aim is to regenerate and protect the high species richness of the grassland by reverting to old farming methods. Fertilizers are banned, grazing and mowing are encouraged as is scrub management but all activities are subject to an ecologically friendly time scale. However, mowing may be prevented by the presence of nesting birds Tier 3a Potential arable land is suited to this method of regaining species rich grassland on chalk. The main aim is to reduce the nutrients in the soil. This is done by mowing and removing the grass with as little machine work as possible. Seed mixtures can be used to regenerate the grass where appropriate. The land in this program is ideal for a buffer zone between intensive agriculture and species rich sites
Tier 3b This has the same entry requirements as tier 3a but is designed to produce permanent grassland where the main priority is agricultural production. Fertilizers can be added after three years at a reduced rate and field operations are controlled but not eliminated Conservation Board identified these ecoregions from an essentially subjective analysis of landscape and visual characteristics.
The GIS was used to establish the area of each land-use class that remained in that class or made a transition to another land-use class within each decade (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) , and thus, rates of land-use change, diversity values, and transition probabilities were determined. GIS analysis was performed on ArcView 3.x software, Environmental Systems Research Institute. The transitional totals (ha) were then used to calculate the transitional probabilities for each land-use change within both decades. Transition probabilities were calculated using figures obtained from a GIS analysis of the data sets. The transition probabilities measured gave a maximum likelihood estimate of the 'probability' of a given land-use class making a 'transition' to another land-use class within either 10-year period.
The landscape structure and spatial characteristics of the temporal data sets were assessed at the landscape scale using FRAGSTATS 2.0 (McGarigal & Marks 1994) . This allowed quantitative analysis of both the landscape and land-use structure and identified changes in spatial characteristics over time. Key descriptors used included nearest-neighbour distance, shape index (SI) and coefficient of variation (CV%). Nearest neighbour distance was defined as the distance 'edge to edge', from a patch to the nearest neighbouring patch of the same type. The shape index gives a quantitative measure of the patch shape. A circular patch (vector) or square patch (raster) would have a SI value of 1 and SI increases as shape becomes more complex. The coefficient of variation, being equal to the standard deviation of a measure divided by its mean gives a dimensionless and scale independent measure of variation allowing comparison to be made between the different variables (Waite 2000) . Details of the calculation and interpretation of other FRAGSTAT output may be found in McGarigal and Marks (1994) and Forman (1997) . Further analysis was performed at the ecoregion scale, with the assessment of the dominance of land-use categories at each date using the Shannon evenness index (J) (Forman 1997; Farina 1998) .
Principal Component Analysis (PCA) was used to examine the differences in the ecoregions for all seven landuse classes over time. PCA analysis was performed on the scarp and dip slopes, and wooded and open downs ecoregions. PCA ordination provided an objective method for representing complex datasets (Baker & Weisberg 1997; Waite 2000) . In the present study, PCA ordination was used to assess the similarity and variation between ecoregions and their land-use categories over the 20-year period.
RESULTS
During 1971-1991, considerable changes in land-use occurred on the Western South Downs (Table 2) . Arable land-use occupied 60-65% of the landscape, with unimproved grassland coverage being 4-10%. The other six land-uses made up the remaining areas, contributing around 30% (Table 2) .
Landscape scale
At the landscape scale, there was a reduction in the number of patches over the 20-year period with the most marked reduction occurring between 1981 and 1991. In 1981, the landscape contained 3937 individual land-use patches regardless of type, and by 1991, this figure had dropped to 3115 patches. Patch density (patches 100 ha Ϫ1 ), showed a corresponding drop, which was most marked between 1981 (8.3 patches 100 ha
Ϫ1
) and 1991 (6.7 patches 100 ha Ϫ1 ). The transformation of the landscape to a more homogeneous state is further illustrated by the increase in the mean patch area. In 1971, the mean patch area was 11.9 (SD Ϯ294.5) ha, by 1981 the mean patch area had increased to 12.0 (SD Ϯ461.9) ha, and then by 1991 a further increase occurred to 15.0 (SD Ϯ536.6) ha.
There was a reduction in landscape evenness ( J) in the 20-year period. In 1971, landscape evenness was 0.49. By 1981, the landscape evenness had dropped to 0.47, and by (Table 4) .
Land-use scale
At land-use level, the growing dominance of arable land and improved pasture on the South Downs was a predominant feature between 1971 and 1991. The total area of arable landuse showed a progressive increase from 28 176 ha (1971) to 29 698 ha (1981) to 30 689 ha (1991) ( Table 2 ). The number of arable patches within the landscape remained relatively static over the temporal sequence, suggesting that large areas were simply being appended to existing arable patches and added to the homogenous nature of the landscape. The shape index dropped progressively from 31.0 (1971) to 30.6 (1981) and 28.1 (1991), depicting a move towards more uniform patch shapes and a drop in complexity of landscape patch shapes. Mean nearest neighbour distance remains relatively static throughout the temporal sequence for arable patches.
There was a reduction in the area of unimproved grassland within the downland landscape (Fig. 1) . The total area of unimproved grassland initially dropped from 4729 ha 
Ecoregion analysis
There were significant losses to the grassland biotope evident within all ecoregions (Table 5 ). There were, however, differences in the nature of land transformation that occurred on the dip slopes and land conversion on the steep north-facing scarp slopes. Unimproved grassland was reduced by over 50% in each 10-year period on the dip slope with a high proportion of grassland being converted to other uses (Table  5) . Conversely, grassland conversion was substantially less on the scarp slope. Twenty-three per cent of grassland was lost between 1971 and 1981, and 16% lost between 1981 and 1991 (Table 5) .
In contrast, arable land classes steadily increased throughout the temporal sequence, although there were clear differences between ecoregions. Conversion of land to arable uses was strongest within the open downland and southern dip slopes and inter-fluves (Table 5) .
The land-use totals for the plantation and wooded areas also showed different trends between ecoregion pairs (Table  5) . Woodland increased in 1971-1981 within all but the open downland ecoregion, while in 1981-1991 wooded land showed a reduction in area. A contrasting pattern of change was shown by plantations, which declined in area in the first time period, in all but two ecoregions, but increased from 21% to 54% during the second time period. Within all ecoregions, developed land (buildings and roads) increased within the study period (Table 5) .
Ecoregion evenness ( J) values showed moderate decreases in landscape evenness over the 20-year period (Table 4) , suggesting a more homogeneous landscape mosaic. A contrasting pattern, however, was observed in one ecoregion (Table 4) . The scarp slope indices demonstrated a decrease in evenness from 1971 to 1981, but between 1981 and 1991 there was a small transformation back to a more heterogeneous landscape mosaic.
Transitional characteristics
The arable-to-arable transformation dominated the arable transition matrices, with all other transition probabilities being less than 0.05 within all ecoregions (Fig. 2) . The ecoregion analysis showed that during the period 1971-1981 arable land had a probability of 0.958 (on the scarp slopes) and 0.971 (on the dip slope) of remaining as arable land. The probability of a unit of arable land remaining in this class dropped between 1981-1991 to 0.923 (scarp) and 0.944 (dip slope) (Fig. 2) .
A relatively small proportion of grassland patches remained as undisturbed grassland, irrespective of the ecoregion studied (Fig. 2) . During this time the north-facing scarp slopes offered the greatest protection to the unimproved grassland of the South Downs. On the scarp slopes, grassland had a probability of 0.590 (1971-1981) and 0.555 (1981-1991) of remaining as grassland. In all other ecoregions the probabilities of retaining grassland patches were lower than those found on the scarp, and ranged from 0.559 (open down) to 0.199 (wooded) (Fig. 2) . The grassland habitat displayed high probabilities of transition to arable land-use within both 10-year periods. Values between 0.470 (dip slope) and 0.234 (scarp) illustrate the levels of grassland conversion to arable. Significant losses of grassland also occurred as a result of transitions to scrub, with probability equivalents of 0.044 (open down) increasing to 0.089 (wooded). In addition, large areas of grassland made transitions to both wooded and plantation land classes. For all major land-use classes within each ecoregion studied, the transition to developed land (buildings and roads) increased during the study period.
Multivariate ordination of the patterns land-use change
PCA analysis of the scarp and dip slope, and open and wooded downland ecoregions identified clear distinctions among ecoregions. Principal Component 1 reflects the initial differences between each individual ecoregion in terms of the abundance of land-use classes, whilst Principal Component 2 illustrates the changes in the nature of landscape in each ecoregion over the entire temporal sequence (Fig. 3) . For the topographic and habitat ecoregions, the ordination plot shows two main gradients (Fig. 3) . The six ecoregions were clearly separated along the first component, which accounted for 70.8% (eigenvalue ϭ 5.6607) of the variation in the dataset. A second gradient was also apparent along the second component axis, which accounted for 19.9% (eigenvalue ϭ 1.5934) of the variation within the dataset.
DISCUSSION
Analysis of the temporal dynamics of the Western South Downs landscape between 1971 and 1991 reflects the intensification of agriculture. There was an overall loss of 2753 ha of unimproved grassland between 1971 and 1991, the transition probabilities showing that the loss was principally attributable to agricultural intensification. It is unclear, however, whether individual losses were due to the application of fertilizers or the plough. By 1991, arable land-use classes had increased by 2513 ha and dominated the landscape. Total 
Figure 2
Grassland and arable land-use transition probabilities within the Western Downs, UK, for (a, c) 1971-1981 and (b, d) 1981-1991. patch number for the landscape dropped throughout the time sequence, and the systematic drop in patch density calculations corroborated this finding. Temporal fluxes were apparent within the remaining land-use classes but, at the landscape scale, percentage cover values showed no significant variation. Wooded and plantation classes showed increases and decreases occurring both over and within the 20-year period. The wooded classes showed an initial increase between 1971 and 1981 possibly associated with the change of plantation areas to woodland by 1981, and then showed a significant drop of around 1360 ha. This drop coincided with the storms of 1987 and 1989, which had a significant impact on established woodland in the South East (West Sussex County Council & English Nature 1996) . If both classes are examined together, however, it appears that the total area of land under plantation and woodland remained relatively static over the two decades (10 903-10 737 ha). Unimproved grassland classes showed the greatest levels of reduction and loss, and further illustrate the trend of arable intensification on the Downs (Fig. 2) . This pattern of increase in arable land and reductions in unimproved grassland suggests the intensification and large-scale mechanization of agricultural practices, and the assimilation of small grassland sites into larger homogeneous patches of crop or pastureland, are continuing trends. The increases in the mean landscape patch size throughout the period emphasize this point, along with the reduction in land-use diversity. Land-use groups, including developed, scrub and 'other' remained relatively unchanged over the 20-year study period.
These findings are similar to the national and European patterns observed by other workers during this period (Green 1990; Buse 1992; . Both nationally and internationally, agricultural development can lead to the intensification of some areas and the abandonment of others. Previous work, which focused on the conversion of grasslands and other semi-natural habitats to intensive agricultural land uses, suggested that there is a corresponding decrease in biodiversity (Buse 1992; Wilcock & Cooper 1993; Blackstock et al. 1995) and this decrease in biodiversity may be most marked on calcareous soils (Green 1990) .
Within all ecoregions, arable land was the dominant land application and unimproved grassland was a diminishing resource. Comparison of the dip and scarp slopes shows the impact of topography even on modern intensive farming. The dip slopes and coombe valleys showed significant levels of grassland loss/conversion (Ͼ50%), whereas the scarp slopes experienced less severe grassland loss (Ͻ25%) over the same time period. This illustrates the influence of landscape on the degree of land conversion on the South Downs, and helps explain why the majority of the remaining unimproved grassland sites were on the northern scarp slopes. These results confirm earlier suggestions that the loss and conversion pressures experienced by semi-improved habitats are more apparent on land suited for cultivation (Buse 1992) . Buse (1992) in a study on the Llyn Peninsula, showed that a significant relationship existed between habitat change and altitude, slope and soil conditions. On the South Downs, however, the 4.2% drop in unimproved grassland cover on the scarp slopes illustrates that land owners resorted to ever more marginal land as the landscape became more intensively used, and agricultural support schemes drove improvement and conversion.
The contrast between the wooded and open downland ecoregions demonstrates the continuing importance and significance of the wooded and plantation land-use classes on the western wooded downland in comparison to the more open eastern section. However, the majority of all other land conversions within these ecoregions were similar in character, and PCA suggested that land conversion sequences in operation on the wooded and open downland ecoregions were similar (Fig. 3) .
The contrast between land managed under ESA agreements and non-ESA land (land within the general ESA region but not specifically managed) presents the opportunity to evaluate initial trends associated with the introduction of the ESA scheme in 1987. Our results suggest that, proportionally, the overall conversion of land-use classes to arable use was comparable in both management ecoregions. More positively, however, the loss or modification of unimproved grassland was substantially higher for the non-ESA land (39-43%) than for the ESA land (17-32%). These findings may either indicate that the scheme has had a positive impact upon farming practices, or that the land initially taken into the ESA scheme between 1981 and 1991 was land that historically had not been subject to the same levels of conversion as those found elsewhere within the landscape.
It is apparent that the land managed under ESA agreements has a proportionally higher representation of grassland than any other ecoregion studied. The analysis shows that in the decade before the scheme commenced, 23% of the land that later would be included within ESA tier agreements had some form of semi-improved pasture on it. These findings confirm the observations of Froud (1994) that early reviews of the scheme appeared to suggest that farmers were more 1971, 1981 and 1991. likely to include (within the ESA scheme) land that was less intensively used, possibly due to the voluntary nature of the scheme. As a result, the effectiveness of the scheme to mitigate the effects of intensive farming within the landscape was reduced. It is, however, important to note that the ESA scheme (tier 1) also seeks to preserve existing features.
Our analysis also shows the limited impact of differences within the 'habitat' ecoregion division on land-use change dynamics on the South Downs. The apportionment of land into either open or wooded downland regions appeared to have little overall effect on the magnitude of land-use change and the overall land conversion sequences. This may suggest that some of the previously proposed landscape divisions of the South Downs do not fully reflect the functional landscape described within this analysis (Sussex Downs Conservation Board 1996b).
CONCLUSIONS
The land-use change and transitional characteristics described have provided an insight into the impact of past and current management approaches on the South Downs. Although the analysis focused on the downland of West Sussex (which represents 63.5% of the South Downs), it is suggested that the patterns observed reflect those of the South Downs as a whole.
On the South Downs landscape, change has been driven by anthropogenic factors, which favour arable land-use. Transition probabilities and low land-use diversity values show that larger arable land units have become increasingly important over the 20-year period. The growth in agricultural land-use probably relates to land consolidation programmes that have resulted from agricultural intensification on the South Downs (Keymer & Leach 1990; Morris et al. 1997 ). Significant loss of unimproved grassland has occurred between 1971 and 1991, and during this period the study failed to detect any substantial reduction in the loss of ecologically important habitats resulting from policy implementation.
Future developments of agri-environmental schemes, particularly of a targeted rather than voluntary nature, have the opportunity to influence the development and balance between agriculture and semi-natural habitats within the UK, and reverse some of the more negative trends evident from past land-use conversion.
